34 Short interspersed nuclear elements (SINEs) are RNA polymerase III (RNAPIII) 35 transcribed, retrotransposable noncoding RNA (ncRNA) elements ubiquitously spread 36 throughout mammalian genomes. While normally silenced in healthy somatic tissue, SINEs can 37 be induced during infection with DNA viruses, including the model murine gammaherpesvirus 38 MHV68. Here, we explored the mechanisms underlying MHV68 activation of SINE ncRNAs. We 39 demonstrate that lytic MHV68 infection of B cells, macrophages and fibroblasts leads to robust 40 activation of the B2 family of SINEs in a cell autonomous manner. B2 ncRNA induction requires 41 neither host innate immune signaling factors nor involvement of the RNAPIII master regulator 42 Maf1. However, we identify MHV68 ORF36, the conserved herpesviral kinase, as playing a key 43 role in B2 induction during lytic infection. SINE activation is linked to ORF36 kinase activity and 44 can also be induced by HDAC1/2 inhibition, which is one of the known ORF36 functions. 45 Collectively, our data suggest that ORF36-mediated changes in chromatin modification 46 contribute to B2 activation during MHV68 infection, and that this activity is conserved in other 47 48 49 AUTHOR SUMMARY 50 Viral infection dramatically changes the levels of many types of RNA in a cell. In 51 particular, certain oncogenic viruses activate expression of repetitive genes called 52 retrotransposons, which are normally silenced due to their ability to copy and spread 53 throughout the genome. Here, we established that infection with the gammaherpesvirus 54 MHV68 leads to a dramatic induction of a class of noncoding retrotransposons called B2 SINEs 55 in multiple cell types. We then explored how MHV68 activates B2 SINEs, revealing a role for the 56 conserved herpesviral protein kinase ORF36. Both ORF36 kinase-dependent and kinase-57 independent functions contribute to B2 induction, perhaps through ORF36 targeting of proteins 58 involved in controlling the accessibility of chromatin surrounding SINE loci. Understanding 59 features underlying induction of these elements following MHV68 infection should provide 60 insight into core elements of SINE regulation, as well as dis-regulation of SINE elements 61 associated with disease.
herpesviral protein kinase homologs. 64 A large fraction (40-45%) of mammalian genomes is composed of sequences derived induction observed in infected cells is specific to B2 SINEs, as levels of another RNAPIII 142 transcript, 7SK, remained unchanged. Similar to our observations during MHV68 lytic 143 replication in fibroblasts [21] , PAA treatment to block viral DNA replication did not prevent B2 144 SINE induction during reactivation in A20-HE-RIT cells, although the levels were modestly 145 reduced ( Fig 1B) . Thus, upon lytic reactivation of latently infected B cells, B2 SINEs are induced 146 early in the viral lytic cycle, and continue to accumulate as infection progresses. 147 We next examined the potential for B2 SINE induction upon MHV68 infection of primary 148 bone marrow-derived macrophages (BMDMs). Unlike fibroblasts, which are highly susceptible 149 to MHV68, the highest level of infection we achieved in WT BMDMs was ~20%, which occurred 150 with a multiplicity of infection (MOI) of 20, and did not increase upon addition of more virus 151 (unpublished observation). Despite the lower infection efficiency, primer extension reactions 152 demonstrated that in MHV68 infected primary BMDMs, B2 SINE induction began at 30 hpi and 153 reached maximal levels by 40-48 hpi ( Fig 1C) . These induction kinetics were slower than what 154 we observed in NIH 3T3 cells ( Fig 1D) , likely due to overall slower replication kinetics of MHV68 155 in the BMDMs. In summary, B2 SINE RNA induction occurs during lytic MHV68 infection of 156 multiple primary and immortalized cell types.
INTRODUCTION
should yield a higher concentration of relevant paracrine signaling molecules. We performed a 164 supernatant transfer assay, in which uninfected cells were incubated for 1 h or 24 h with cell 165 supernatants from infected NIH 3T3 cells, either in crude form or after 0.1 µm filtration to 166 remove viral particles. B2 SINE levels were then measured 24 h post transfer using primer 167 extension. We observed no B2 SINE induction in cells incubated in filtered supernatants, 168 suggesting that paracrine signals derived from infected 3T3 cells are not sufficient to stimulate 169 B2 induction in uninfected cells. In contrast, there was robust B2 SINE induction in cells 170 incubated with crude supernatants, as expected since these supernatants contain MHV68 171 virions to initiate a de novo infection (Fig 2A) . This experiment was repeated in BMDMs, where 172 filtered or crude supernatants were taken from infected 3T3 cells and incubated with plated 173 BMDMs for 1 h or 24 h before removal. BMDMs were harvested 48 h after the beginning of 174 incubation with 3T3 supernatants. These data were identical to that observed with 3T3s, in 175 which paracrine signals contained within filtered supernatant were insufficient for B2 induction 176 ( Fig 2B) . 177 We also looked for evidence of paracrine-based B2 induction in the primary BMDMs 178 using a cell sorting strategy. Here, we made use of the fact that in a given infection assay, only 179 20% of the BMDMs will be infected with MHV68. Because we were using MHV68 containing a 180 constitutively expressed GFP marker, we sorted GFP positive (infected) from GFP negative 181 (uninfected) cells and performed B2 SINE primer extensions on each population ( Fig 2C) . As a 182 control, we also sorted mock infected cells and confirmed that the stress of the sorting 183 procedure did not activate B2 SINE transcription. We observed a greater B2 SINE signal in the 184 GFP positive population, while the GFP negative population closely matched that of our negative uninfected control population. Together, these results suggest that induction of B2 186 SINE RNA occurs only in MHV68 infected cells and that paracrine or cell-to-cell signaling 187 through the supernatant is not sufficient to induce this phenotype. 188 189 B2 SINE induction is RNAPIII-dependent but does not involve the RNAPIII regulator Maf1 190 We previously showed that treatment of 3T3 cells with a RNAPIII inhibitor or B2-191 directed antisense oligonucleotides (ASOs) reduced the B2 RNA levels upon MHV68 infection, 192 strongly suggesting that RNAPIII activity was required for their induction [21] . However, given 193 that small molecule inhibitors can have off target effects and B2 ASOs will also target mRNAs 194 containing embedded SINE elements, we sought to independently validate that the B2 SINE 195 transcriptional induction is RNAPIII-dependent. We chose the strategy of depleting Brf1, a 196 critical component of the TFIIIB transcription factor complex needed for RNAPIII transcription of knockdown, as this RNAPIII transcript has a type III promoter that does not require Brf1 [40] . 202 Thus, these results confirm that RNAPIII is required for MHV68-induced B2 SINE activation. 203 We next considered the possibility that MHV68 infection alters the regulation of RNAPIII 204 to increase its activity on B2 promoters. A master regulator of RNAPIII is Maf1, which acts by 205 binding free RNAPIII at its clamp domain, thereby impairing RNAPIII binding to the TFIIIB-206 promoter complex and preventing RNAPIII transcription initiation [9, 41] To test the hypothesis that release of Maf1-mediated repression of RNAPIII transcription is responsible for B2 SINE 208 induction, we derived primary BMDMs from Maf1-/mice [42] . Surprisingly, we observed no 209 increase in B2 SINE RNA in uninfected Maf1-/-BMDMs compared to WT BMDMs, suggesting 210 that Maf1 is not required for the normal silencing of B2 loci ( Fig 3D) . We did observe somewhat 211 more of an increase in B2 levels at 24 hpi with MHV68 in the Maf1-/cells relative to WT cells, 212 although this difference was not sustained at 48 hpi ( Fig 3D) . We therefore conclude that the 213 primary mechanism of B2 induction by MHV68 is not through interference with the RNAPIII 214 repressor Maf1. the type-I IFN receptor (IFNAR -/-) ( Fig 4A) , as well as cGAS/STING-mediated DNA sensing using 227 the golden ticket (gt/gt) mutant [47] , which contain a missense mutation in exon 6 of the 228 mouse STING gene, rendering STING inactive ( Fig 4B) . In each case, primer extension experiments showed equivalent or greater B2 SINE RNA induction upon infection of the mutant 230 BMDMs compared to the WT BMDMs. Thus, none of these innate immune components is 231 individually required for SINE activation during MHV68 infection. 232 To control for the possibility that multiple innate immune sensors could be activated in 233 a redundant manner to induce B2 SINEs, we also tested primary BMDMs derived from mice 234 lacking the downstream transcription factors interferon-regulatory factor 3 (IRF3) and 235 interferon regulatory factor 7 (IRF7). All pattern recognition receptor signaling pathways 236 converge on IRF3 and IRF7, which activate transcription of interferon stimulated genes (ISGs) 237 and inflammatory cytokines [48] . In agreement with the data from BMDMs lacking the 238 upstream innate immune sensors, MHV68 infection still caused robust B2 SINE induction in IRF3 239 -/and IRF3/7 -/-BMDMs ( Fig 4C) . Thus, innate immune signaling does not activate B2 SINE 240 transcription during MHV68 infection. 241 We noted that the infection-induced B2 levels were even more pronounced in each of 242 the single and double knockout BMDMs than in WT cells (Figs. 4A-C). We hypothesize that this 243 is a result of increased MHV68 infection under conditions of impaired immune restriction, as 244 we noted that the knockout BMDMs routinely achieved higher MHV68 infection rates (as 245 measured by GFP positivity) than WT BMDMs (unpublished observation). Table 1 ). The ORFs were first screened by 252 co-transfection of 3T3 cells with 3-5 plasmids that were grouped based on similar temporal 253 class and/or proposed or known function ( Fig 5A, Table 1 ) [50, 51] . Only the group that 254 contained ORFs 33, 35, and 36 showed B2 SINE induction above that of the control GFP 255 expressing plasmid as measured by primer extension (Fig 5B) . We then tested each of these 256 ORFs individually for the ability to induce B2 SINEs, revealing that only MHV68 ORF36 257 expression was sufficient to upregulate B2 SINEs both as an untagged construct, as well as with 258 an N-terminal FLAG-tag ( Fig 5B) . Fig 6A) . MHV68 ORF36 produced the most 284 robust induction, followed by the other gammaherpesvirus CHPKs, KSHV ORF36 and EBV BGLF4. 285 The alpha-and betaherpesvirus protein kinases, VZV ORF47 and HCMV UL97, induced B2 SINEs 286 to a minimal degree, although they were expressed to similar (albeit low) levels as MHV68 287 ORF36 ( Fig 6B) . Thus, while the ability to induce B2 SINE RNA appears to be conserved amongst 288 the CHPKs, this function is most prominent among the gammaherpesvirus homologs. 291 Previous studies of features linked to SINE repression in uninfected cells indicated the 292 importance of the repressive histone H3 lysine 9 tri-methylation (H3K9me3) mark and, to a 293 lesser degree, DNA methylation at CpG sites [11, 12, 57, 58] . These marks are deposited and 294 maintained by the histone methyltransferases SU(VAR)3-9 and the DNMT family of DNA methyltransferases, respectively. Furthermore, ORF36 has been shown to inhibit histone 296 deacetylases 1 and 2 (HDACs 1/2) [33], although whether HDACs are involved in repression of 297 SINE loci is unknown. 298 To test the role of each of these factors in B2 induction, we treated NIH 3T3 cells with 299 inhibitors of HDACs 1/2 (ACY-957), DNMTs (5-azacytidine), and SU(VAR)3-9 (chaetocin), or a 300 cocktail composed of ACY-957 and chaetocin together ( Fig 7A) . We observed induction of B2 Given that the strongest effects on B2 induction were observed upon inhibition of 305 histone methyltransferases combined with HDAC inhibition, we next tested whether treatment 306 with these inhibitors during infection was sufficient to rescue B2 levels in ORF36 KN and S 307 infection to ORF36 WT infection levels. We observed that, in the context of infection, treatment 308 with ACY-957 and chaetocin restored the levels of B2 ncRNA in the ORF36 S and KN infected 309 cells to those observed during WT MHV68 infection ( Fig 7B) , showing that chromatin de-310 repression induced B2 ncRNA accumulation in an additive manner. Taken together, these data 311 show that keeping an actively repressed chromatin state, primarily through maintenance of 312 H3K9me3, is important for preventing constitutive B2 SINE induction. A and B) MHV68 latently infected A20-HE-RIT B cells, or parental A20 B cells, were treated with doxycycline and phorbol ester to induce lytic reactivation. Total RNA was isolated at the indicated time-points post-reactivation and subjected to primer extension for B2 SINEs or 7SK (as a loading control). (C) BMDMs or (D) NIH3T3 were either mock infected or infected with MHV68 for the indicated time periods, whereupon total RNA was isolated and subjected to primer extension as described above. The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control and to the levels of B2 RNA present in mock infected cells, which were set to 1.
De-repression of the chromatin landscape allows for B2 SINE induction
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Figure 2: Paracrine signaling does not induce B2 SINE induction.
(A) NIH3T3 cells or (B) primary BMDMs were incubated with supernatants harvested from 24 h infected NIH3T3 cells, either in crude form, or filtered to remove whole virus, for the indicated time period. Total RNA was isolated from cells at 24 h or 48 h post-incubation, respectively, and subjected to primer extension for B2 SINEs or 7SK. The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control and to the levels of B2 RNA present in mock infected cells, which were set to 1. (C) Infected BMDMs were sorted by flow cytometry to separate GFP+ (infected) from GFP-(uninfected) cell populations. Total RNA was isolated from each population and subjected to primer extension for B2 SINEs or 7SK. 804 Figure 3 : B2 SINE upregulation is dependent on RNAPIII, but independent of the RNAPIII master regulator Maf1. (A) BMDMs were transfected with the indicated concentrations of either control or Brf1 siRNA pools and harvested 24-48 h later. 30 µg of total protein lysates were resolved by SDS-PAGE and western blotted with antibodies against Brf1 or GAPDH (as a loading control). (B) Total RNA was harvested from mock or MHV68-infected BMDMs and NIH 3T3 fibroblasts following control or Brf1 siRNA treatment at the indicated time points. Total RNA was subjected to primer extension using primers for B2 SINEs or 7SK (as a control). (C) WT or (D) Maf1-/-BMDMs were mock infected or infected with MHV68 for the indicated times, whereupon total RNA was harvested and subjected to primer extension as described in (B). The relative induction of B2
Figure 4: B2 SINE induction occurs independent of innate immune signaling.
(A-C) WT or the indicated innate immune factor knockout BMDMs were mock or MHV68infected for 24-48 h. Total RNA was then harvested and subjected to primer extension using primers for B2 SINEs or 7SK (as a control). The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control and to the levels of B2 RNA present in mock infected cells, which were set to 1. 806 Figure 5 : The MHV68 kinase ORF36 induces B2 SINE transcription. (A) Schematic representing the method for testing the MHV68 ORF library. (B) NIH3T3 cells were transfected with plasmid(s) containing the indicated ORF(s) or a GFP control for 24h, whereupon total RNA was extracted and subjected to primer extension using primers for B2 SINEs or 7SK (as a control). (C) NIH3T3 cells were transfected with plasmids expressing either wild-type (WT) ORF36 or a kinase null mutant (K107Q) for 24h then total RNA was isolated and subjected to primer extension as described above. (D) BMDMs were infected with WT MHV68, kinase null (KN), or ORF36 stop (S) virus at an MOI of 0.25. Total RNA was isolated at 48 hpi and subjected to primer extension as described in (B). (E) NIH 3T3 cells were infected with WT MHV68, KN, or S virus at an MOI of 5. At 24 hpi, total RNA was isolated and subjected to primer extension as described in (B). The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control (E) and to the levels of B2 RNA present in control transfected cells (B-C) or mock infected cells (D), which were set to 1. 807 Figure 6 : Functional conservation of B2 SINE upregulation by several MHV68 ORF36 homologs. NIH3T3 cells were transfected with plasmids containing FLAG-tagged MHV68 ORF36 or the indicated HA-tagged ORF36 homolog from Kaposi's sarcoma-associated herpesvirus (KSHV ORF36), Epstein-Barr virus (EBV BGLF4), varicella zoster virus (VZV ORF47), or human cytomegalovirus (HCMV UL97). These cells were then harvested for total RNA for B2 and 7SK primer extension (A), or protein lysates, which western blotted with antibodies against HA and FLAG, or GAPDH as a loading control (B). The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control and to the levels of B2 RNA present in GFP control transfected cells, which were set to 1.
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Figure 7: Inhibitors of chromatin repression cause B2 SINE upregulation.
(A) NIH3T3 cells were treated with the indicated inhibitor(s) for 24 h, whereupon total RNA was isolated and subjected to primer extension for B2 SINEs or 7SK. (B) NIH3T3 cells were subjected to pre-treatment with DMSO or the indicated inhibitors for 1 h prior to infection with MHV68 WT, KN, or S virus for 24 h, whereupon total RNA was isolated and subjected to primer extension as described in (A). The relative induction of B2 RNA was calculated by normalizing both to the 7SK loading control and to the levels of B2 RNA present in DMSO treated (A) or mock infected cells (B), which were set to 1. 
